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Balancing Supercapacitor Voltages in Modular
Bidirectional DC-DC Converter Circuits
Robert Alfie S. Peña, Alaa Hijazi, Pascal Venet, Member, IEEE, and Florian Errigo

Abstract—At present, passive balancing methods dominate
energy storage applications, however they suffer from a long
balancing duration. In this paper, we took advantage of a
modular architecture where several modular power converters
replace a central dc-dc converter for fast charging and balancing
of a supercapacitor stack. A strategy has been proposed to control
how power is shared among the converters during the charging
period in order to balance the supercapacitors. However, some
converters enter control saturation due to voltage differences
between supercapacitors caused by their nonuniform conditions
and characteristics. The originality of this paper lies in taking into
account the saturation by modifying an energy-based strategy to
correct the power shares and make balancing the supercapacitors
possible. Simulation and experimental case studies were used to
demonstrate the strategy’s performance and limitations.
Index Terms—Balancing circuit, balancing strategy, charging
supercapacitors, DC-DC power converter, power control, supercapacitors.

I. I NTRODUCTION
NERGY storage plays a huge role in a future where
energy is more integrated, decentralized, and sustainable.
In general, we use energy storage devices with high energy
density like batteries for bulk energy storage and devices with
high power density like supercapacitors as buffer in high power
transient situations [1], [2].
Supercapacitors, also called ultracapacitors or electrical
double-layer capacitors (EDLC), have a much higher charge
storage capability compared to the usual types of capacitors
because of the large surface area of the porous electrodes
and the extremely thin electrical double layer [1], [3]–[6].
Compared to batteries, supercapacitors have a longer lifetime
because no electrochemical reaction causes significant degradation permitting excellent reversibility and higher chargedischarge cycles [1], [3], [4], [6].
Even though supercapacitors have high power densities,
their low operating voltages are limited for use in most
applications. Thus, cells are connected in series, in parallel, and/or in combination to reach requirements [1]. Since
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Fig. 1. Supercapacitor power conversion systems: (a) A single nonisolated
bidirectional dc-dc converter interfacing a supercapacitor stack at the low side
(Vbus ≥ vin ) and (b) Modular power converters interfacing supercapacitor
groupings

supercapacitor characteristics are never fully uniform even
with today’s advanced manufacturing processes, the choice
of connection limits the electrical behavior of the cells. This
initial imbalance then exacerbates during operation because of
the uneven aging of the cells [7]–[9]. Thus, there is a need for
a system that balances the cell voltages to ensure the safe
operation and a prolonged lifetime for supercapacitors [1],
[3], [7]. This requires energy storage management systems
that also monitor voltages, currents, and temperatures, and that
interface with other devices [1], [2].
In the literature, there are two types of balancing circuits:
passive or dissipative and active or redistributive. In passive
balancing, the excess charge in the cells is dissipated through
resistors. It is the simplest and cheapest strategy to implement.
On the other hand, active balancing redistributes charge from
overcharged to undercharged cells, which is more efficient.
Although costs depend a lot on the chosen architecture,
this strategy is commonly expensive to implement because
of additional components and the more complicated control
systems [9]–[12]. Recently, a third approach in balancing
emerged. It capitalizes on the energy management systems
of modular dc-dc power converters that interface the energy
storage devices with the rest of the system. Like active balancing, it is nondissipative, but unlike both the first two types,
there is no need for separate balancing circuits connected
in parallel because balancing can be integrated in the same
algorithms that control the output voltages of the connected
converters. DC bus voltage regulation and balancing without
the extra circuitry or charge redistribution are thus possible in
an efficient, modular way [13]–[20].
The nonisolated bidirectional dc-dc converter in Fig. 1(a),
whose output voltage Vbus ≥ vin (its input voltage), is com-
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monly used to interface supercapacitors with different applications [21]–[25]. It is in boost mode when the supercapacitors
are discharging and in buck mode when the supercapacitors are
charging. In case of a relatively high-voltage bus, low-voltage
supercapacitor cells are placed in series at the low side of
the converter, while the high side is directly connected to the
dc bus [24]. Cascading these converters as in Fig. 1(b) has
recently been employed to meet dc bus voltage requirements.
The half-bridge modular architecture of Fig. 1(b) was chosen in consideration of two related previous studies [26]–[28].
The first study aimed at recovering the braking energy of
trolleybuses and storing them in supercapacitors. A central
converter as in Fig. 1(a) was used to interface the supercapacitors that served as auxiliary supply to the rest of the
powertrain during power cuts in the operation of a trolleybus
[26]. The new modular architecture in Fig. 1(b) allows a new
degree of flexibility in terms of control that is beneficial for
managing electrothermal imbalances. The concern in the modular architecture was to have the (relatively) simplest structure
and control system to minimize the number of components
and to have lower bias range for these components. The
approach of modularizing the topology balloons the number
of basic components, so the choice of topology was just
generally optimizing for anticipated costs. On the other hand,
the second study is about the integration of supercapacitors
into modular multilevel converters (MMC), which is composed
of hundreds of submodules [27]. The architecture in Fig. 1(b)
was proposed as an interface between supercapacitors and the
submodule capacitors of the MMC [28]. In this second study,
the advantage of the interfacing modular architecture is to
provide submodules with an energy storage function with a
higher power density and compact passive components.
The architecture offers modularity that provides increased
overall reliability and flexibility to the system [29]. Nonetheless, when charging unbalanced supercapacitors to reach the
same voltage (balancing) using the circuit of Fig. 1(b), the
unique problem of saturation in the control of a modular
converter j through the duty ratio Dj arises on account of
the possible overlap of the voltage ranges of unbalanced
supercapacitors and the high side of the converter. This occurs
because a low conversion ratio Mj (Dj ) = vsc,j /vout,j for the
modular converters in buck mode in Fig. 1(b) is impractical,
which would otherwise have provided the voltage margin
necessary to skirt the problem [30]. This will be shown in
subsection A in section IV to be due to the Dj range limiting
the acceptable converter efficiency. Another factor in the
problem is that unlike batteries, which have comparatively flat
voltage curves relative to their state of charge, supercapacitor
voltage varies from 0 to Vmax (supercapacitor maximum rated
voltage) relative to its state of energy, with operation usually
limited to Vmax /2 to Vmax . This adds to the probability of
overlap. Control saturation will be explained in detail in the
next section.
A survey of the literature shows a great number of different
state-of-charge- or voltage-balancing strategies, mostly for
batteries [9]–[12], [14], [15], [18], [24]. While they can also
be used for supercapacitors, unfortunately, they are slow and
could take anywhere from a couple to hundreds of minutes

Fig. 2. The control system to charge/discharge supercapacitors using modular
power converters: (a) System-level control and (b) Module-level control

to achieve equalization. Considering fast balancing, no study
has yet tackled the previously described problem of control
saturation that result from the converter architecture and the
supercapacitor characteristics. We address this inadequacy in
the literature through a method of balancing supercapacitor
voltages in modular power electronic converter circuits within,
if possible, a single charging period. We propose to use the
strategy here in applications where supercapacitors are needed
as power buffer like in electric vehicles or in grid-integrated
energy storage systems [21]–[26]. Only occasional voltage
balancing would then be needed. This is possible because
voltage imbalances would be minimal if cell characteristics
were ensured to be reasonably uniform from the start [31].
The paper is organized in six sections. The voltagebalancing strategy and the problem of saturation in the control
of modular power converters will be explicated in the next
section (II). Section III presents the control saturation-adapted
strategy. Then, the system setup and the case studies that
demonstrate the operation of the strategy will be discussed in
sections IV and V. The last section (VI) concludes the paper.
II. S ATURATION OF M ODULAR C ONVERTER C ONTROL
In this section, we introduce the problem of saturation in
the control of modular power converters, however we will first
describe in detail the circuits, control systems, and models
involved.
A. Control Systems
Fig. 2(a) shows the control architecture at the system level.
Modular power convertersPare cascaded such that the total
n
converter output voltage
j=1 vout,j = Vbus is regulated,
where j ∈ (1, 2, . . . , n) is the index and n is the total number
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of converters. Each converter has its own controller that has
Vref,j as reference voltage and vout,j as the output controlled
by a pulse width modulated (PWM) control signal with duty
ratio Dj ∈ [0, 1].
The architecture of the controllers is shown in detail in
Fig. 2(b). It is a conventional two-loop control system that
responds to disturbances and corrects nonlinearities better than
a single-loop system. The slower outer loop (with a response
time tr = 5 ms that is the time required by the response
to settle within 5% of the final value) is for controlling
the converter output voltage, which is the capacitor voltage,
while the faster inner one (with a response time tr = 1 ms)
is for controlling the converter input current, which is the
inductor current (also the converter input current) in Fig. 1(a).
In order to use this two-loop control system, the open-loop
control-to-output transfer function Gvout d (s) representing the
converter must be decomposed into two transfer functions:
the control-to-input current transfer function Giin d (s) and the
input current-to-output voltage transfer function Gvout iin (s)
through state space average modelling [32]. Desired are the
resulting transfer functions (with the hat denoting an ac small
signal):
CC Vout s − Iout
ic
in (s)
=
ˆ
LCC s2 + D2
d (s)
vd
Iin Ls + DVout
out (s)
Gvout iin (s) =
=
c
−V
out CC s + DIin
iin (s)
Giin d (s) =

(1)
(2)

whose parameter values are discussed in subsection A in
section IV.
The transfer functions in (1) and (2) were used to obtain
the proportional-plus-integral (PI) controllers GC1 (s) and
GC2 (s). In the outer loop, the error between Vref,j and the
measured feedback vout,j (output of (2) in the model) feeds
into controller GC1 (s), which outputs the reference value for
the inductor current Iref,j . In the inner loop, the error between
this Iref,j and the measured supercapacitor current feedback
isc,j (output of (1) in the model) feeds into controller GC2 (s),
which then outputs the duty ratio of the PWM control signal
to the converter.
If the supercapacitor voltages vsc,j are balanced, Vref,j =
Vref,total /n, where Vref,total is the sum of all reference voltages and can be considered the reference bus voltage. Otherwise, a difference between the reference voltages can be used
to control the system in order to balance the supercapacitor
voltages. A strategy exactly doing this will be presented in the
next section.
B. Supercapacitors
Supercapacitors can be modeled in several ways. The simplest is the RC model shown in Fig. 3(a), which is composed
of a constant capacitance Csc that serves as the energy storage
element in series with a resistance Rsc that represents the
equivalent series resistance (ESR) of supercapacitors. More
complex accurate models build on this one. In this work,
however, we are mainly concerned with the steady state
behavior of supercapacitors. Thus, a macroscopic model such
as the RC model suffices [33]–[35].

3

Fig. 3. Supercapacitor model and state: (a) The RC model of a cell and (b)
The relationship between the state of energy (SoE) and voltage

Fig. 4. Balancing the voltages of three supercapacitors to reach Vmax ; SC1
must be charged with the energy ∆E1

As mentioned, energy is stored in the capacitor component
of the supercapacitor RC model. As such, it is given by:
1
2
E = Csc vsc
(3)
2
where E is the energy (J) and vsc is the supercapacitor
voltage. Strictly speaking, the latter is the open-circuit voltage,
but throughout this paper, we approximate it to be just the
supercapacitor voltage because |vRsc |  |vCsc |, where vRsc
is the voltage across Rsc and vCsc is the voltage across Csc
in Fig. 3(a). The state of energy (SoE) then, relative to a
supercapacitor maximum rated voltage Vmax , is [5], [36], [37]:
2

vsc
× 100
(4)
SoE =
Vmax
Eq. (4) shows that the SoE range from 0% to 100% is a square
function of the supercapacitor voltage range from 0 V up
to Vmax . The operational SoE range, shown in Fig. 3(b), is
usually limited from 25% to 100% to have a usable voltage
range between half the rated voltage (Vmax /2) up to Vmax .
This allows use of 75% of stored energy [5].
C. Voltage-Balancing Strategy
The important goals for the balancing strategy is (i) to
charge the supercapacitors until they reach the maximum
rated voltage Vmax , and (ii) to reach this full charge at the
same time. These are illustrated in Fig. 4, where there are
three supercapacitor voltages that need to be balanced. For a
supercapacitor j to reach Vmax at the end, it must be charged
with the amount of energy:
 2

1
2
∆Ej (t) = Csc,j Vmax
− vsc,j
(t)
(5)
2
The average power of supercapacitor SCj during the charging
period N ∆t, where N is the number of time steps, is:
∆Ej
Pj =
(6)
N ∆t
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Fig. 6. The converter output voltage vout,j must correspond to the initial
supercapacitor voltage vsc,j based on ∆Ej to provide balancing (to scale)

Fig. 5. Flowchart of the voltage-balancing strategy algorithm

Bearing in mind the second objective for the balancing strategies, N ∆t should be the same for all supercapacitors. We can
thus solve for N ∆t in (6) and the resulting ratio of energy
and power should be the same for all n supercapacitors:
∆Ej
∆Ej+1
∆En
=
= ··· =
Pj
Pj+1
Pn

(7)

In Fig. 2(a), we can see that the converters have the same
output current iout . We assume ideal converters, which means
that the ratio of energy and output voltage should also be the
same for all supercapacitors:
∆Ej
∆Ej+1
∆En
=
= ··· =
vout,j
vout,j+1
vout,n

(8)

We would like the strategy to have the form where the power
of converter j is shown as a share of the voltage regulation at
the output. To do this, we define and generalize a weighting
factor wj as the ratio of ∆Ej (t) and the total charging energy:
∆Ej (t)
m=1 ∆Em (t)

wj (t) = Pn

(9)

Multiplying (8) by the reciprocal of the total charging energy,
we obtain:
wj
wj+1
wn
=
= ··· =
(10)
vout,j
vout,j+1
vout,n
To express vout,j in terms of the weighting factor and the total
output voltage Vbus , we note that:
Pn
j=1 vout,j
(11)
Vbus = Pn
j=1 wj
where the denominator is just equal to unity. We can solve
for vout,j+1 , vout,j+2 , . . . , vout,n in terms of vout,j in (10)
and substitute them into (11). Doing that, rearranging, and
considering that Vref,total is the reference bus voltage and
Vref,j = vout,j at steady state:
Vref,j (t) = Vref,total wj (t)

(12)

With (5), (9), and (12), we have the equations needed to
control the modular power converters and balance supercapacitor voltages. This operation when control saturation is not a
problem is referred to as the normal mode in the next sections.
The steps in the flowchart in Fig. 5 are used in applying them.
To illustrate the strategy, we have in Fig. 6 an idealized
example. Following the algorithm in Fig. 5, we obtain values
of converter output voltages that total Vref,total . Because SC1
has the highest initial voltage, its converter should receive the
lowest power share through the lowest converter output voltage
based on the strategy. On the other hand, the converse is true
for SC3 , which has the lowest initial voltage and thus the
highest power share.
D. Control Saturation
The control of a modular power converter in Fig. 2 is said
to be saturated when the duty ratio limits are already reached,
but the voltage-balancing strategy still demands a value even
beyond them. Fig. 6 illustrates an idealized application of the
strategy. As the voltages for converter 1 show, the modular
converter system is especially vulnerable to control saturation
during balancing. Say that vsc0,1 is higher than in the figure.
2
Because −vsc,j
is proportional to ∆Ej based on (5), while
vout,j is proportional to ∆Ej based on (8), vout,1 would have
to be even lower than in the figure, increasing the chances of
the case vout,1 = vsc,1 happening before vsc,1 reaches Vmax
much more likely. In general, this means that the worse the
supercapacitor voltage imbalance is, the greater the probability
of control saturation.
As previously mentioned, control saturation would not be
a problem if there is enough voltage margin in the system,
i.e., the voltage ranges of the input and output sides do
not coincide. However, the architecture constrains the system
because (i) the converter structure discounts a high conversion
ratio Mj (Dj ) because efficiency suffers with high Mj (Dj ),
as will be shown in subsection A in section IV; (ii) using
the full SoE range means an almost full use of the Dj range,
again underscoring the need for a low Mj (Dj ); and (iii) worse
imbalance entails further deviation from the nominal power
share Vref,total /n. Control saturation should thus happen quite
frequently when trying to achieve the twin goals of charging
and balancing supercapacitors.
So what happens when the control of a converter is saturated? Fig. 7 illustrates the same case as in Fig. 6, but
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achieve voltage equalization goals. In supercapacitors, the SoE
is also a more useful metric because measuring the voltage
allows one to readily calculate the SoE. On the other hand,
current is the important parameter for batteries that allows
calculation of the SoC [37].
B. Proposed Scheme

Fig. 7. A small increase in vsc0,1 results in saturation in the control of
converter 1 before reaching Vmax (to scale)

with a slightly higher value of vsc0,1 . We can observe that
due to this, the reference voltage for converter 1 is lower
resulting in control saturation for converter 1 and in higher
reference voltages for the remaining two converters. In the
zoomed inset, we can also see that by the time they reach
Vmax , the supercapacitor voltages are not yet balanced. This
second case demonstrates that the current strategy is prone to
control saturation. Once saturated, it can no longer achieve the
stated twin goals of charging and balancing.
III. S TRATEGY A DAPTATION TO C ONTROL S ATURATION
In this section, we will first develop the general idea of
adapting the voltage-balancing strategy to the problem of
saturation and then advance modifications in the algorithm of
the strategy.
A. Adapting the Strategy
We saw in the previous section that the problem of control
saturation in modular converter circuits is basically due to
the overlap between the ranges of the low-side and high-side
voltages when charging while at the same time balancing.
In such a scenario, the converters are in buck mode and
control saturation is approached as Dj → 1− and occurs when
vout,j = vsc,j .
It is possible to modify the normal mode of the voltagebalancing strategy to consider control saturation. If we know
that a converter will saturate at any point within the charging
period, then we can saturate it on purpose from the start.
We do this to correct and increase the amount of energy the
supercapacitors connected to the converters that we know will
never saturate get. Seen from this angle, the supercapacitor
connected to a converter that eventually saturates gets more
than its fair share of energy, as is the case in Fig. 7. The
modified strategy will deduct the energy at the beginning. The
challenge in implementing this method is that we must know
which converters will eventually saturate.
If supercapacitor state of charge (SoC) were instead used
in the strategy, control saturation cannot be accounted for in
balancing supercapacitor voltages. The reason for this is that
in considering the SoE in (4), the total energy needed to arrive
at the rated voltage (when charging) is known and prediction
of control saturation is possible. It thus becomes possible to
adjust the power share of the converters that will saturate to

The weighting factor in (9) was specially defined to be
constant throughout the charging period by considering the
individual and total energies needed to charge the supercapacitors. The converters should thus have constant output voltages.
We can then use the weighting factor to know which converters
will eventually saturate.
Let us again consider the system in Fig. 2. How do we
predict which converters will saturate? Remember that control
saturation occurs when vout,j = vsc,j . Therefore, if supercapacitor j charges fully to Vmax at the end of the charging
period and control saturation is reached, vout,j = Vmax at
that point. In fact, Vmax serves as a boundary separating
saturated converters (vout,j ≤ Vmax ) from those that are not
(vout,j > Vmax ). Since the reference converter output voltages
and the weighting factors of the strategy are constant, they
must have the same value even at the beginning of the charging
period. First, we define a base weighting factor w1(base),j
computed from (9) considering all converters in the summation
in the denominator (without regard for control saturation). The
“1(base)” in w1(base),j was added in the suffix as an additional
qualifier to denote that we are currently in the first check
and that it is the base weighting factor, i.e., the value of the
weighting factor before the first check. The concept of checks
will be developed in the next paragraphs. Based on (12), where
wj = Vref,j /Vref,total , and on Vmax serving as the boundary,
we can also define a base threshold weight w1(th) , where “th”
in the suffix is for threshold, that we can use to predict whether
a converter will eventually saturate or not:
w1(th) =

Vmax
Vref,total

(13)

As just discussed, if the inequality vout,j ≤ Vmax is true
for converter j, we know that this converter will eventually
saturate. We can express this inequality in terms of weighting
factors using (12) again: as a first check, if w1(base),j ≤ w1(th) ,
then converter j will saturate; otherwise, it will not. We
could then deliberately saturate the converters that satisfied the
condition. For these converters, the reference voltage becomes:
Vref,j = rsat vsc,j , where rsat is a factor slightly greater than
unity. They are also removed from the application of the
strategy to the remaining converters that will not saturate. They
are also included in the set S, which is the set of all converters
that we just predicted will saturate and whose size is nS,1 . If
converter j will saturate, then j ∈ S. The converters contained
in S are also removed from the application of the strategy to
the remaining converters that will not saturate. For the latter,
the reference voltage becomes:
!
X
Vref,j = Vref,total −
Vref,m w1,j
(14)
m∈S
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where j ∈
/ S and w1,j is the weighting factor computed by
not including the nS,1 converters in S from the summation in
the denominator of (9).
Consider how the energy needed to charge a supercapacitor
is calculated in (5). ∆Ej tends to decrease as vsc,j → Vmax
during a charge. For deliberately saturated converters contained in set S, the rate of decrease of ∆Ej is less than
the rate of decrease of the remaining converters that are not
saturated. This has an effect on how the weighting factors
behave as defined in (9). Remember that when we add all
of them, the sum must always be 100%. If that is the case,
then the weighting factor w1(base),j of deliberately saturated
converters would just increase because of the smaller rate of
decrease of ∆Ej during the charge. On the other hand, the
w1(base),j of the remaining converters would decrease. We
can then stop deliberately saturating converters when all have
w1(base),j > w1(th) .
In other words, deliberately saturated converters increase
their power share (expressed as w1(base),j during the charge).
On the other hand, the remaining converters that are not
saturated decrease theirs. This attribute of the strategy opens to
a possible problem. What if the converters that in the beginning
will not saturate suddenly have w1(base),j ≤ w1(th) because
of their decreasing power share? How do we predict from
the start that they will also undergo control saturation even
though w1(base),j > w1(th) originally? Here, we define the
next threshold weight w2(th) to do it:
w2(th) =

Vmax
Vref,total − nS,1 Vmax

(15)

where nS,1 is the number of converters that will saturate
based on the first check and the “2” in the suffix denotes
second check. For this check, we verify if the condition
w2(base),j ≤ w2(th) , where j ∈S,
/ is true. The base weighting
factor for the second check w2(base),j considers only those
converters that will not saturate based on the first check. The
nS,1 converters are thus excluded from the new computation
of (9). Like in the previous step, we also deliberately saturate
converters based on the condition through the reference voltage: Vref,j = rsat vsc,j . For the remaining converters that will
not saturate, the reference voltage is:
!
X
Vref,j = Vref,total −
Vref,m w2,j
(16)
m∈S

where S now includes converters from the second check
and w2,j is the weighting factor computed by removing all
converters in S from the summation in the denominator of
(9).
In general, we can continue the process for the third check,
fourth check, and so on until the last possible (n − 1)th check.
To summarize, the steps of the control saturation-adapted
voltage-balancing strategy are:
1) For the time step ∆t, perform (n − 1) checks. At
each kth check, where k∈ {1, 2, . . . , n − 1}, compute
wk(base),j (t) first:
∆Ej (t)
m∈U −S ∆Em (t)

wk(base),j (t) = P

Fig. 8. Flowchart of the control saturation-adapted voltage-balancing strategy
algorithm

(17)

Fig. 9. Block diagram of the module-level control system and the proposed
strategy

where U is the set of all converters and S is the set of
all converters within U that will surely saturate (S⊆U ).
Note that S = ∅ when k = 1.
2) Within the same kth check, compute wk(th) (t) as well:
wk(th),j (t) =

Vmax
Vref,total − nS,k−1 Vmax

(18)

3) Verify that wk(base),j (t) ≤ wk(th) (t) for j ∈S
/ for the
kth check. If true, update set S to include converter j.
Then, proceed to the next check.
4) After the (n − 1) checks, deliberately saturate the converters in S according to Vref,j (t) = rsat vsc,j (t),
where rsat is slightly greater than unity. The remaining
converters in the set U −S are then controlled according
to:
"
#
X
Vref,j (t) = Vref,total −
Vref,m (t) wn−1,j (t)
m∈S

(19)
5) Repeat steps 1–4 for the next time steps until the
supercapacitors reach Vmax .
Fig. 8 represents the steps above for the control saturationadapted energy-based strategy as a flowchart. Fig. 9 shows that
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TABLE I
S UPERCAPACITOR (SC) G ROUP PARAMETERS
Parameter

Variable

Group max. voltage (V)
Group min. voltage (V)
No. of cells in string

Vmax
Vmin
–

Simulation
Value
32.4
16.2
12

TABLE III
M ODULAR P OWER C ONVERTER AND S YSTEM S PECIFICATIONS
Experiment
Value
10
6.2
4

TABLE II
S UPERCAPACITOR (SC) C ELL PARAMETERS
SC
group
Variable
SC1
SC2
SC3
SC1
SC2
SC3
SC4
SC5
SC6
SC7
SC8
SC9
SC10

Simulation
C (F)
Csc
Case study 1
262.5
250
237.5
Case study 2
258.67
249.67
249.42
236.7
266.98
247.78
238.09
272.53
246.25
240.18

7

Simulation
ESR (mΩ)
Rsc

Experiment
C (F)
Csc

Experiment
ESR (mΩ)
Rsc

3.31
3.48
3.65

6.25
6.25
6.25

64
64
64

3.39
3.23
3.15
4.21
3.96
3.57
3.11
3.23
3.43
3.71

–
–
–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–
–

the resulting Vref,j from the strategy serves as reference to the
module-level control in Fig. 2(b). Adapting the basic strategy
in subsection C in section II basically entailed predicting
which converters will saturate. These converters are then
deliberately saturated at the beginning to decrease their overall
energy share and achieve voltage equalization at the end. The
proposed strategy with its prediction of all converters that will
eventually saturate by exhausting through threshold checks is
a unique take on this unique problem. It is a novel contribution
to the literature on voltage-balancing strategies. To strenghten
this contribution, the proposed strategy will be compared with
a conventional one in subsection B in section IV.
If the proposed strategy were applied to batteries, the control
demonstrated as the converter output voltages would not be
different. However, because battery voltage relative to its SoC
is comparatively flat (unlike in supercapacitors), the case of
control saturation in batteries is less common. However, if
second-life batteries with different states of health were instead
used in the same architecture, the proposed strategy would be
advantageous to use.
IV. S IMULATION
We simulated the system and the strategy as described in
the previous two sections. To demonstrate the operation of
the strategy, we modelled a 50-kW system and tested it and
compared it with a conventional strategy in simulation.
A. Simulation Setup
1) System Sizing: We modelled and simulated the modular
power converter system as represented in Fig. 2(a). The
sizing of the modular converters follows from the previous

Parameter

Variable

Switching f (kHz)
System output i (A)
Test system output i (A)
Conv. nominal output v (V)
Conv. input v range (V)
Conv. inductor (µH)
Conv. inductor ESR (mΩ)
Conv. capacitor (µF)
Conv. capacitor ESR (mΩ)
MOSFET on R (mΩ)
Bal. strategy time step (s)
System power rating (W)
Test system power (W)
System bus voltage Vbus (V)
No. of cascaded converters

fs
iout,max
iout
vout
vin
L
RL
CC
RC
RDS(on)
∆t
Pmax
P
Vref,total
n

Simulation
Value
10
±143
±50
35
16.2–32.4
16
0.65
16,000
10
3.9
0.2
50,000
17,500
105 or 350
3 or 10

Experiment
Value
50
±0.857
±0.4
11.67
5.4–10.8
1,300
–
30
–
–
0.2
30
14
35
3

study that used a single 50-kW converter to interface 120
3,000-F supercapacitor cells in recovering the breaking energy
and in supplementing power during electrical microcuts in a
trolleybus [26]. Temperature is important in the evolution of
cell capacitance and ESR, but it is difficult to ensure thermal
homogeneity in a supercapacitor stack [38]. Cells were thus
grouped according to their thermal behavior to ensure that
voltage imbalance within a group is kept minimal. Following
this, we decided to group the supercapacitors by 12. SCj in
Fig. 2(a) can thus be treated as the equivalent supercapacitor of
12 cells connected in series. For simplicity, only three converters (n = 3) were considered for case study 1, while case study
2 has the full sizing (n = 10) considered. The characteristics
of the supercapacitors within a group were considered uniform.
Table I gives the group operating voltage range of the 3,000F supercapacitors used in the simulation of the test cases.
Each supercapacitor cell is limited in use within the usual
1.35–2.7 V range. On the other hand, Table II provides the
different values of group RC model parameters to replicate
the tolerance in nominal values of real supercapacitors. For
case study 1, values for SC1 and SC 3 were set to be ±5%
of the values for SC2 . For case study 2, normally distributed
random values were generated based on a tolerance of ±20%
for the cell capacitance (mean µ = 3, 000 F; standard deviation
σ = 0.2µ/3 F) and ±25% for the cell ESR (µ = 0.29 mΩ;
σ = 0.25µ/3 mΩ).
Following still the partitioning of the original 50-kW system, the specifications of the modular converters are detailed
in Table III. Each converter nominally has 35 V at the output,
so the regulation of the bus voltage Vref,total was set at 105 V
for case study 1 and 350 V for case study 2, while the charging
current was set at iout = 50 A. The three converters in case
study 1 processed 5.25 kW of power in total, while the ten
converters in case study 2 processed 17.5 kW in total. The
voltage-balancing strategy was applied to the system with a
time step of ∆t = 0.2 s.
2) Use of the Strategy and Efficiency: Simulation of the
system was done in Simscape, an environment within MATLAB and Simulink for multidomain physical modelling and
simulation. At the modular converter level in Fig. 1(a), control
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TABLE IV
S UPERCAPACITOR (SC) I NITIAL C ONDITIONS
Supercapacitor
group
SC1
SC2
SC3
SC1
SC2
SC3
SC4
SC5
SC6
SC7
SC8
SC9
SC10

Fig. 10. Bidirectional converter efficiency as a function of duty ratio and load:
green represents charging supercapacitors (buck mode) and red represents
discharging (boost mode)

of switches Q1 and Q2 are synchronous or complementary,
i.e. Q1 is on when Q2 is off and vice versa. Based on this,
a unified state space average model was derived for both the
boost and buck modes [32]. It gave us the transfer functions
in (1) and (2), which, in turn, were used to design controllers
GC1 (s) and GC2 (s) respecting the set loop response times
mentioned in subsection A in section II through the Control
System Designer in MATLAB. Table III shows the dc values
in (1) and (2), with D set at 0.35 to get a Vin in the middle of
the range. Also based on the same model, the supercapacitor
current at steady state can be represented as:
iout
(20)
D
On the other hand, the steady-state converter output voltage
can be formulated as:


RL + RDS(on) + RC D (1 − D)
vin
+ iout
(21)
vout =
D
D2
iin =

This last expression shows the effects of the parasitic resistances. In the ideal scenario without them, vout can be reduced
into just the first term of (21). Thus, given values for vin and
vout , the duty ratio can be approximated as:
vin
(22)
D≈
vout
Still based on the steady-state behavior of the converter in
(20) and (21), the expression for the buck mode efficiency
ηbuck considering only conduction losses can also be obtained:


Pin
iout RL + RDS(on) + RC D (1 − D)
ηbuck =
=1−
Pout
vout
D2
(23)
To see the effects of loading and the duty ratio on the
efficiency, the plot of (23) in different conditions is shown

Simulation
initial voltage (V)
Case study 1
26.4
25.8
23.4
Case study 2
24.46
23.36
26.13
23.14
23.7
27.96
24.81
25.31
27.18
25.02

Experiment
initial voltage (V)
7.47
7.24
6.01
–
–
–
–
–
–
–
–
–
–

in Fig. 10. Curves for the boost mode efficiency ηboost are
also shown.
Considering first the full-rated load in buck mode where
iout = 143 A, the duty ratio should be Dbuck ≥ 0.54
to achieve at least 90% efficiency. The range of duty ratio
values that is at least 90% efficient increases as iout decreases
because of the inverse relationship between the current and
the load. This means that a lower iout is preferred when
using the voltage-balancing strategy to charge supercapacitors.
In applications however, charging time should be balanced
against the choice of a lower charging current and a higher
efficiency.
For the case study-rated load of iout = 50 A in Fig. 10,
Dbuck ≥ 0.31 for at least 90% efficiency and Dbuck ≥ 0.45
for at least 95%. Assuming a nominal output voltage vout = 35
V, these correspond to an SoE ≈ 11.2% (vsc = 0.9 V per cell)
and an SoE ≈ 23.6% (vsc = 1.3 V per cell), respectively. This
means that the SoE could be as low as 11% at the beginning
of the charging period and the efficiency would still be at least
90%. As the supercapacitors charge, vin will only increase and
further improve the efficiency according to (22) and (23). Note
however that the preceding analysis has underestimated values
because other sources of losses were not considered.
B. Simulation Results and Discussion
The two case studies have different initial voltages given in
Table IV. Values for case study 1 were chosen to demonstrate
the operation of the control saturation-adapted strategy in comparison to a conventional one, while cell values for case study
2 were normally distributed random numbers (µ = 2.13 V;
σ = 0.1 V).
1) Simulation Case Study 1—Comparison with a Conventional Voltage-Balancing Strategy on a Three-Converter
System: In this first case study (cf. Tables I–IV), a converter
is expected to enter control saturation during charging. The
results are shown in Fig. 11. We can see in Fig. 11(a) that the
control saturation-adapted strategy was effective in balancing
the voltages at 29 s. Doing the two checks with an added
hysteresis band about the threshold to prevent chattering, the
strategy decided that two converters had to be deliberately
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Fig. 12. Block diagram of a conventional voltage-balancing strategy: (a)
Control system and (b) Connection to module-level control

Fig. 11. Simulation case study 1: (a) Supercapacitor voltages (vsc,j ); (b)
Output voltages of the converters (vout,j ); (c) Weighting factors
 w1(base),j
for the first check (k = 1); (d) Weighting factors w2(base),j for the second
check (k = 2); and (e) Result of the two checks on whether to saturate
converter j.

saturated: 1 and 2. Beyond 3 s, only converter 1 needed to
be deliberately saturated. At 11 s, all three weighting factors
(w1(base),j ) clear the two checks. Thereafter, the normal mode
of the energy-based strategy operated to charge the supercapacitors until Vmax .
Converter 2 will not be released from saturation until after
3 s because the second check still showed in Figs. 11(d)–(e)
that w2(base),2 ≤ w2(th) with hysteresis control. There was still
a need to deliberately saturate it. The upper and lower threshold limits for the hysteresis control are not obvious because of
the increased scale of the vertical axis, but w2(base),2 touches
the upper threshold limit at 3 s. Another thing to observe
in the second check in Fig. 11(d) is the dependence on the
first check. For example, w2(base),j = 0 for converters to be
deliberately saturated based on the previous check and w2(th)

Fig. 13. Conventional voltage-balancing strategy with different response times
(tr ): (a) Supercapacitor voltages (vsc,j ); (b) Zoomed maximum and minimum
supercapacitor voltages (vsc,j ); and (c) Output voltages of the converters
(vout,j ).

changes value depending on their number.
The proposed strategy was also compared to another
voltage-balancing strategy developed and experimentally validated for supercapacitors [39]. The latter was inspired by
another voltage-balancing strategy first proposed for batteries in a distributed battery energy storage system [14]. For
purposes of comparison, we will treat the strategy of [39] as
conventional because it did not consider control saturation. The
related control system block diagrams are shown in Fig. 12.
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As can be seen Fig. 12(a), the balancing controller aims
to minimize the error between vsc,j and the average of all
supercapacitor voltages vave,ref . The speed of balancing can
be controlled by adjusting the response time tr , which is a
parameter that controls the term of the proportional controller
GC3 in Fig. 12(a) for the response to reach 95% of the final
value. The conventional strategy was not originally designed
for fast balancing [39], but as will be shown next, when similar
strategies that do not consider control saturation are used for
such purposes, the goals of (i) charging supercapacitors until
Vmax , and (ii) reaching Vmax at the same time cannot be
achieved.
Results for different response times are shown in Fig. 13.
Fig. 13(a) shows how the supercapacitor voltages are balanced
as the conventional method is applied. The differences are not
noticeable because of the scale, so the figure was zoomed
in Fig. 13(b) as one of the supercapacitors reach Vmax .
However, to decrease clutter, only the maximum and minimum
supercapacitor voltages are shown. It can be observed that
balancing is faster (i.e., the difference between the maximum
and minimum values decrease) with smaller response times,
which is as designed. Fig. 13(c) shows the converter output
voltages. It can be seen that with faster balancing, vout,1
becomes lower. However, we know from the previous sections
that vout,1 cannot go lower than vsc,1 . Otherwise, converter
1 will enter control saturation. In this case, tr = 110 s is
already the lowest possible given the initial value of vsc,1
without letting converter 1 enter control saturation. Still, the
supercapacitor voltages are not balanced by the time vsc,1
reached Vmax . The preceding discussion shows the limitations
of conventional balancing strategies in dealing with control
saturation. The proposed control saturation-adapted strategy
provides a solution to these limitations.
2) Simulation Case Study 2—Ten-Converter System: The
supercapacitors have different initial voltages. The case study
(cf. Tables I–IV) demonstrates a limitation of the control
saturation-adapted strategy. The results are shown in Fig. 14.
It is obvious from Fig. 14(a) that while SC6 already reached
Vmax , the others have not. The strategy could not work with
the combination of initial voltages. In such a case, it is still
possible to balance the voltages. However, it will have to
take more time. The plan is to apply the strategy even during
discharge. To do this, ∆Ej in (5) must be modified to:
∆Ej (t) =

 2

1
2
Csc,j vsc,j
(t) − Vmin
2

(24)

for the discharge period. Vmin = Vmax /2 refers to the
rated minimum operating voltage of the supercapacitor. Accordingly, the threshold in (18) must be modified to reflect
discharging during this period:
wk(th),j (t) =

Vmin
Vref,total − nS,k−1 Vmin

(25)

We can see in Figs. 14(b)–(c) that five converters (3, 6,
7, 9, and 10) were deliberately saturated at the very start.
The supercapacitors connected to them required lower energy
shares in order for the strategy to balance the system. One by
one, the deliberately saturated converters are released from

Fig. 14. Simulation case study: (a) Supercapacitor voltages (vsc,j ); (b) Output
voltages of the converters (vout,j ); and (c) Result of the nine checks on
whether to saturate converter j.

saturation based on the nine checks: converter 7 at 3.2 s;
converter 10 at 6.2 s; and the other three (converters 3, 6,
and 9) at the point where SC6 reached Vmax at 20.7 s. This
case study shows that the proposed control saturation-adapted
strategy can be used as a general fast voltage-balancing
strategy for both charging and discharging periods and that
the strategy works for larger systems.
V. E XPERIMENTAL R ESULTS
The strategy was also experimentally implemented on a
small-scale 30-W system with three modular converters. We
look at the experimental case study in detail in this section.
A. Experimental Setup
A small-scale 30-W prototype of a bidirectional modular
converter system with supercapacitor energy storage represents
the system in Fig. 2(a) and serves as a test bench for the
experimental implementation of the voltage-balancing strategy
[39]. The modular converters were controlled by a Speedgoat
real-time target machine that interacted with its workstation
user interface through Simulink Real-Time Explorer. The
control system in Fig. 2(b) was programmed into the target
machine using MATLAB and Simulink. All the control and
data acquisition functions are taken care of by the target
machine. Fig. 15 shows an image of the experimental setup.
It is the prototype of the system in Fig. 2.
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Fig. 15. The experimental setup of a small-scale prototype of modular
converters with connected supercapacitors
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voltage-balancing strategy. Fig. 16 shows the experimental
results. Unlike the ideal case and the simulation case studies,
the output voltages in this experimental case are not constant.
This is most obvious for vout,1 in Fig. 16(b). In reality, the
capacitance depends on supercapacitor voltage, but the RC
model assumes that Csc,j in (5) is a constant [40]. A higher
rsat serves not only to secure the prototype during transients,
but also to account for the nonconstant output voltages during
times of no saturation (normal mode). A higher rsat means
a larger difference between Vmax and vout,j . Even if vout,1
were to go higher during the normal mode, there would still be
enough voltage difference between it and vsc,2 thus ensuring
that the supercapacitor voltages were balanced. Despite the
nonconstant converter output voltages, the strategy still works.
The supercapacitor voltages are completely balanced by
the time they reach 6.2 V at the 77-s mark, as shown in
Fig. 16(a). Like in the corresponding simulation case studies,
this experimental case study shows that the control saturationadapted strategy can be used as a general fast voltagebalancing strategy that works in both charging and discharging
periods.
VI. C ONCLUSION

Fig. 16. Experimental case study: (a) Supercapacitor voltages and (b) Output
voltages of the converters

The case studies show the principles of operation and limitations of the proposed strategy for modular power converter
balancing. Its use was initially limited by the difficulty of
adapting it to control saturation. On the other hand, its features
of constant weighting factors and constant converter output
voltages made it easier in rendering it adaptable to control
saturation. The proposed way works by deliberately saturating
converters. Doing such corrects the energy shares to make the
normal mode of the energy-based strategy work. The results
show that the proposed strategy can be used as a fast voltagebalancing strategy during the supercapacitor charging period or
as a general fast method even during discharge when balancing
during a single charging period is not possible, regardless of
system size.
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